Rate constants for the reaction of diazodiphenylmethane with cyclohex-1-enylcarboxylic acid and 2-methylcyclohex-1-enylcarboxylic acid were determined in nine aprotic solvents, as well as in seven protic solvents, at 30 ºC using the appropriate UV-spectroscopic method. In protic solvents the unsubsituted acid displayed higher reaction rates than the methyl-substituted one. The results in aprotic solvents showed quite the opposite, and the reaction rates were considerably lower. In order to explain the obtained results through solvent effects, reaction rate constants (k) of the examined acids were correlated using the total solvatochromic equation of the form: log k = log k 0 + sπ * + aα + bβ, where π * is the measure of the solvent polarity, α represents the scale of the solvent hydrogen bond donor acidities (HBD) and β represents the scale of the solvent hydrogen bond acceptor basicities (HBA). The correlation of the kinetic data were carried out by means of multiple linear regression analysis and the opposite effects of aprotic solvents, as well as the difference in the influence of protic and aprotic solvents on the reaction of the two examined acids with DDM were discussed. The results presented in this paper for cyclohex-1-enylcarboxylic and 2-methylcyclohex-1-enylcarboxylic acids were compared with the kinetic data for benzoic acid obtained in the same chemical reaction, under the same experimental conditions.
INTRODUCTION
The connection that exists between the carboxylic acids structure and their reactivity with diazodiphenylmethane (DDM) has been studied by many authors, 1,2 with a particular regard to solvent influence. The main advantage that makes this esterification convenient for studying solvent effects is the absence of a catalyst. The reaction between carboxylic acids and DDM may vary in rate, but takes place without any additional support and in aprotic solvents it follows the second order kinetics. 3, 4 Our previous investigations 5, 6 of the reactivity of cyclohex-1-enylcarboxylic and 2-methylcyclohex-1-enylcarboxylic acid with DDM in protic solvents have shown that the unsubstituted acid displays higher reaction rates than the methyl-substituted one. In the present work the rate constants of cyclohex-1-enylcarboxylic and 2-methylcyclohex-1-enylcarboxylic acids reaction with diazodiphenylmethane were recorded in nine aprotic solvents, as well as in seven protic solvents for comparison. The effects of solvent polarity and hydrogen bonding on the rate constant were interpreted by means of the linear solvation energy relationships (LSER) concept, developed by Kamlet and Taft 7 using a general solvatochromic equation of the form: log k = log k 0 + sπ * + bβ + aα (1) where α, β and π * are solvatochromic parameters and s, a and b are solvatochromic coefficients. In Eq.
(1) π * is the index of the solvent dipolarity/polarizability, which is a measure of the ability of a solvent to stabilize a charge or a dipole by its own dielectric effects. The π* scale was selected to run from 0.00 for cyclohexanone to 1.00 for dimethyl sulfoxide. The α coefficient represents the solvent hydrogen bond donor (HBD) acidity, in other words it describes the ability of a solvent to donate a proton in a solvent-to-solute hydrogen bond. The α scale extends from 0.00 for non-HBD solvents to about 1.00 for methanol. The β coefficient is a measure of a solvent hydrogen bond acceptor (HBA) basicity, and describes the ability of a solvent to accept a proton in a solute-to-solvent hydrogen bond. The β scale was selected to extend from 0.00 for non-HBA solvents to about 1.00 for hexamethylphosphoric acid triamide.
RESULTS AND DISCUSSION
In order to explain the difference in the influence of protic and aprotic solvents on cyclohex-1-enylcarboxylic and 2-methylcyclohex-1-enylcarboxylic acids reaction with DDM, the rate constants in a range of both solvent types were determined, as well as those of benzoic acid, for comparison. The rate constants are given in Table I and Table II. Since the principal quality of aprotic solvents is the lack of ability to act as a hydrogen bond donor, only classical solvation and hydrogen bond acceptor (HBA) effects are present in a solute-to-solvent hydrogen bond, described by the simplified equation:
The results of kinetic studies have shown that reaction rates of both cyclohex-1-enylcarboxylic and 2-methylcyclohex-1-enylcarboxylic acids with DDM are of second order (confirmed by high correlation coefficients -R runs from 0.991 to 0.998, obtained by calculating rate constants based on experimental data).
It can be noticed from Table I that in all aprotic solvents the relation k M /k H exceeds 1, showing that reaction rates for the substituted acid were higher, opposite to the order in alcohols (Table II) . In ketons and acetates the applied reaction went rather slowly, in dimethylformamide even more so, while acetonitrile was noted for the high-est value of the rate constant, enabling faster esterification. For a slow, rate determining step the reaction of carboxylic acids with DDM has the proton transfer from the carboxylic group to the DDM molecule (Scheme 1). Results of correlating kinetic parameters with solvent characteristics π* and β for benzoic acid 7 in eleven aprotic solvents are given in Eq. (3):
From this equation can be concluded that aprotic solvents influence the benzoic acid -DDM reaction by two reverse effects. The opposite signs of the electrophylic and nucleophylic parameters are in accordance with the described reaction mechanism. Classical solvation effects dominate the transition state and increase the reaction rate (positive sign), and proton acceptor effects support the ground state before the reaction starts, decreasing the rate (negative sign). Similar results were obtained (Table I) by correlating kinetic parameters for cyclohex-1-enylcarboxylic and 2-methylcyclohex-1-enylcarboxylic acids, given in Eqs. (4) and (5).
Cyclohex-1-enylcarboxylic acid:
2-Methylcyclohex-1-enylcarboxylic acid:
In the two opposite effects which influence the rate constant ('+'in front of classical solvation and '-'in front of the HBAeffects, as it is shown in the Eqs. (3), (4) and (5)) reason can be found for the low rates of the reaction which does not have the complete support of the medium. As the 'slowing' HBA effects are more expressed than the solvation ones, the aprotic solvents influence on the reaction rate is, generally considered, negative.
The proton acceptor effects of the solvent more expressed in the ground state ('-') for both cyclohexenic acids, are stronger for the unsubstituted one, which brings about the additional decrease of its rate constant even in comparison with the same parameter's value for the methyl-substituted acid. The noted fact could be the consequence of the substituted acid structure -the presence of methyl group in the ortho-position possibly causes the distortion of the carboxylic group from the planar part of the molecule round the double bond, making it more accessible for the other reactant, namely DDM. As it is proved by coefficients in Eqs. (4) and (5) the interactions between the solvent and the methyl-substituted acid are weaker than those for the unsubstituted one, for which the mentioned steric effects could be responsible. However, an exceptionally low value of the solvation parameter coefficient (s) of the methyl-substituted acid points to an additional effect which causes the absence of solvation. As steric effects alone do not have an influence strong enough to bring about such drastic effects (six times lower solvation than the one for unsubstituted acid), it can be suppored that there is a contribution from secondary interactions which steric effects have coused themselves. Protons of the neighbouring methyl group can stabilize the transition state, slightly acidic near the double bond and the carboxylic group, where the hyperconjugation is possible -π electrons are drawn to the partly positively charged carboxylic C atom, which also affects the methyl group, a weak electron donor, as shown on Scheme 2.
As a result of the described effect, the methyl group protons can interact with partly negative oxygen atoms (δ -in between two oxygen atoms in the transition state), so that the stabilizing influence of the solvent is practically unnecessary. This effect at the same time brings about the increase of the substituted acid's reaction rate in comparison to the reaction rate of the unsubstituted one, particularly expressed in aprotic solvents which strongly attract the methyl group protons due to their pronounced HBA effect.
The influence of aprotic solvents is stronger on cyclohex-1-enylcarboxylic acid, more accessible to their effects, which can also be noted in absorption spectra correlation, 8 as well at the DDM reaction constants ones. The accordance of the two researches confirms that the mentioned type of solvent is responsible for low reaction rates. 2-Methylcyclohex-1-enylcarboxylic acid, less solvated in aprotic solvents, they also 'slow down'less higher than in aprotic solvents. The unsubstituted acid displays somewhat higher rate constants than the methyl-substituted one in alcohols, as it is shown in Table II . Results of correlating kinetic parameters (Table II) with protic solvent characteristics π*, α and β for benzoic acid 5 (Table II) for cyclohex-1-enylacrboxylic and 2-methylcyclohex-1-enylcarboxylic acids, given in Eqs. (7) As it can be seen in the Eq. (6), the classical solvation effects, as well as the HBD effects increase the rate of the benzoic acid -DDM reaction, but the HBAeffects slow it down. A similar influence the protic solvents have on cyclohex-1-enylcarboxylic acid, showing that the aromatic structure does not cause any particular difference and the interactions with the solvent are of the approximately same intensity, as shown by the cofficients values in Eqs. (6) and (7).
The interactions with the solvent are stronger with 2-methylcyclohex-1-enylcarboxylic acid (Eq. (8)) than with cyclohex-1-enylcarboxylic acid, opposite to the situation in aprotic solvents. Judging from the coefficient values, the HBA effects have weaker influence than the other two, so the reaction rate is generally increased by alcohols, contrary to the aprotic solvents where the HBA effects are dominating and the reaction rates are considerably lower. The substituted acid is generally, though slightly slower than the unsubstituted one, probably due to the steric effects of the methyl group, opposite to the 'speeding up' influence of the classical solvation and the HBD effects. However, the 'slowing down' the HBA effects are stronger on the methyl-substituted acid too, and probably also partly responsible for its lower reaction rates. It can be concluded that the influence of alcohols is completely opposite to the one of aprotic solvents and enables faster esterifcation with DDM.
Taking the investigations in protic and aprotic solvents into consideration together, it can be noticed that the acid with the slower reaction rate is always the one on which the HBA effects are stonger (represented by the higher value of the β parameter coefficient). It can be concluded that the stronger proton acceptor solvent effects are, they are less favourable for the reaction of carboxylic acid with DDM -the reason could lie in the support of the state before the reaction starts by these effects (Scheme 1), which is the same in both solvent types. The proton of the carboxylic group seems to be stabilised by the HBA effects influence, and less likely to leave the molecule, slowing that way the reaction with DDM down.
Results presented in this paper point to a rather complex influence of aprotic solvents on the flow and the rate of the reaction between carboxylic acids and DDM, and call for certain reinvestigating of the reaction mechanism in these solvents.
EXPERIMENTAL

Materials
The unsubstituted cyclohex-1-enylcarboxylic acid, b. p. 137 ºC, at 15 mmHg (Ref. 10 . b. p. 137 ºC, at 15 mmHg) was synthesised using the Wheeler and Lerner's method, 9 starting from cyclohexanone and sodium cyanide. The obtained cyanohydrine was dehydrated to cyanocyclohex-1-ene. The nitrile was hydrolysed with potassium hydroxide to cyclohex-1-enylcarboxylic acid, using hydrochloric acid to adjust pH.
The same procedure was applied for 2-methylcyclohex-1-enylcarboxylic acid, m. p. 87 ºC (Ref. 10 ., m. p. 87 ºC), this time using 2-methylcyclohexanone as the starting ketone.
Diazodiphenylmethane was prepared by Smith and Howard's method, 11 stock solutions of 0.06 mol dm -3 were stored in a refrigerator and diluted before use.
All applied chemicals were of p.a. purity. Solvents were purified as described in literature. 12 
Kinetic measurements
Second order rate constant for the reaction of cyclohex-1-enylcarboxylic acid and 2-methylcyclohex-1-enylcarboxylic acid with DDM were determined as prevously reported by the spectroscopic method of Roberts and his co-workers 3 using UV -SHIMATZU 160 A spectrophotometer. Optical density measurements were performed at 525 nm, with 1 cm cells at 30±0.05 ºC.
The second order constants of both examined acids were obtained by dividing the pseudo-first-order rate constants by the acid concentration (the concentration of acid was 0.06 mol dm -3 and of DDM 0.006 mol dm -3 ). Three to five rate determinations were made on each acid and in every case the individual second-order rate constants agreed to within 3 % of the mean. Konstante brzine za reakciju izme|u diazodifenilmetana (DDM) i cikloheks-1-enilkarbonske, kao i 2-methilcikloheks-1-enilkarbonske kiseline su odre|ene u devet aproti~nih i sedam proti~nih rastvara~a, odgovaraju}om UV-spektrofotometrijskom metodom. U proti~nim rastvara~ima nesupstituisana kiselina je pokazala ve}e reakcione brzine od supstituisane. Rezultati u aproti~nim rastvara~ima su pokazali upravo suprotno i brzine su znatno mawe. Da bi se dobijeni rezultati objasnili kroz efekte rastvara~a, konstante brzine reakcije (k) su korelisane totalnom solvatohromnom jedna~inom oblika: log k = log k0 + sπ* + aα + bβ, gde je π* mera polarnosti rastvara~a, β predstavqa skalu baznosti rastvara~a kao akceptora protona u vodoni~noj vezi, a α predstavqa skalu kiselosti rastvara~a kao donora protona u vodoni~noj vezi. Korelacija kineti~kih podataka je izvr{ena metodom multiple linearne regresije i razmatrani su suprotni efekti aproti~nih rastvara~a, kao i razlika u uticaju proti~nih i aproti~nih rastvara~a na reakciju dve ispitivane kiseline i DDM-a. Rezultati prikazani u ovom radu za cikloheks-1-enilkarbonsku i 2-methil-cikloheks-1-enilkarbonsku kiselinu su upore|eni sa kineti~kim podacima za benzoevu kiselinu, dobijenim u istoj hemijskoj reakciji pod istim eksperimentalnim uslovima.
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